X-ray diffraction and Raman spectroscopy were employed to study the phase diagram of SF 6 at pressures up to 32 GPa. The known phase transformation of SF 6 phase I to phase II at around 2 GPa was confirmed. Discontinuities in the pressure dependence of the Raman frequencies and positions of X-ray reflections indicate further phase transitions at 10(1) and 19(1) GPa.
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Introduction
Sulfur hexafluoride, SF 6 , is a very stable and chemically inert compound and hence widely used, for example as insulator material in electric equipment [1] . There are two different crystalline phases of SF 6 at ambient pressure and low temperatures [2] . Between 90 K and 230 K SF 6 crystallises in a so-called "plastic" phase in a body-centred cubic (bcc) structure with space group Im3m and Z = 2 (one molecule per lattice point) [3] . In the "plastic" phase the molecules are orientationally disordered. This disorder has been studied extensively, e.g. by molecular dynamics simulations [4, 5] . It has been found that the disorder is dynamic and that the origin of the disorder are short F· · ·F distances which lead to repulsive forces between the molecules [4, 5] .
Below 90 K SF 6 crystallises in an ordered monoclinic structure with space group C2/m and Z = 6 [6] . The SF 6 octahedra are packed in a distorted hexagonal close packing arrangement. Each octahedron is surrounded by 12 octahedra, whereas in the cubic structure each octahedron has 8 neighbours.
The unit cell of the monoclinic structure contains two SF 6 octahedra located on Wyckoff positions with site symmetry 2/m and four on a position with site symmetry m.
The phase diagram of SF 6 at high pressures has been explored by Stewart [7] up to 2 GPa using the direct piston displacement method and by Sasaki et al. [8] up to 10 GPa using Raman spectroscopy. At ambient temperature Sasaki et al. [8] found a liquid-solid transition to the so-called solid phase I at 0.25 GPa and a solid-solid phase transition from phase I to II at 1.8 GPa.
The solid-solid phase I to phase II transformation has also been observed by Stewart [7] at temperatures between 81 and 190 K and lower pressures.
Sasaki et al. [8] proposed that the crystal structure of phase I corresponds to the known "plastic" bcc low-temperature structure and phase II to the ordered monoclinic low-temperature structure, but their suggestion, based on spectroscopic data, has not been confirmed by diffraction data so far.
This study presents the extension of the known phase diagram of SF 6 up to 32 GPa at ambient temperature by means of X-ray diffraction and Raman spectroscopy. We present the crystal structure determination of the phases I and II by single crystal X-ray diffraction and the bulk moduli of phases I and II, obtained by fitting Birch-Murnaghan equations of state to pressure-volume data.
Experimental details
Binary gas mixtures of SF 6 and He with 10.4(2) and 20.4(4) vol% SF 6 were obtained from Praxair and loaded without further purification with a gas loading system at 350 to 1800 bar into the pressure chamber of the diamond anvil cells (DAC). The He within the gas mixture served as pressure transmitting medium, as has been demonstrated in previous studies [9, 10] .
Boehler-Almax [11] type DACs with opening angles of 48
• to 85
• and culet sizes of 350 µm were employed. Tungsten gaskets with an initial thickness of 200 µm were preindented to 45-53 µm and holes of 120-140 µm were drilled with a laser lathe. The pressure was determined using the ruby fluorescence method with the calibration after Mao et al. [12, 13] . For pressures up to around 20 GPa we used a B value of 7.665 for quasi-hydrostatic conditions and above 20 GPa we used a B value of 5 for non-hydrostatic conditions.
Raman spectra of SF 6 between 0.5(1) and 32.4(6) GPa were measured with a Renishaw micro-Raman spectrometer (RM-1000) using a Nd:YAG laser (λ = 532 nm, 200 mW). The positions and half widths (FWHM) of the Raman bands were determined by single-peak fits, which were performed with KUPLOT [14] .
Synchrotron X-ray diffraction experiments were performed at the Ex- 
±25
• in order to improve the counting statistics.
The X-ray "powder" diffraction data were processed with the Fit2D software [16] . Diamond reflections were masked and excluded from the integration. Le Bail [17] refinements were performed with the programs GSAS [18] and EXPGUI [19] . The background was interpolated with a shifted Chebyshev function between manually defined points. Profile parameters (GW and LX, profile function 2) and lattice parameters were refined. Pressure-volume data were fitted to a second-order Birch-Murnaghan equation of state (BM-EOS) using the Eosfit software [20] .
Single-crystal intensity data were collected at 0.8(1), 1.8(1) and 3.8(1) GPa in Frankfurt using the fixed-phi mode and a κ-diffractometer (XCalibur3, Agilent) equipped with a Sapphire3 CCD camera and a sealed tube with Mo-K α radiation (λ = 0.7107Å). Further experimental details are given in table 1.
The single-crystal data were indexed and reduced with CrysAlis (Agilent).
The absorption from the diamond anvils was corrected using the program ABSORB [21, 22] . The crystal structure refinements were carried out with the program SHELXL-97 [23] . The known low-temperature structures of SF 6 served as starting models. The refinement of the bcc structure was performed with anisotropic displacement parameters. Due to the restricted opening angle of 48
• , the number of observable unique reflections was limited to 51 at 3.8 GPa. Hence, the monoclinic structure was refined with isotropic displacement parameters which were constrained so that S and F atoms had the same displacement parameter, respectively. Moreover, octahedral S-F bond lengths and F· · ·F edge lengths were restrained to the same length in each of the SF 6 octahedra using 99 restraints in order to obtain undistorted SF 6 octahedra. The volumes of the SF 6 octahedra were calculated using the program IVTON [24] .
Computational details
The dynamically disordered phase I cannot be modelled by static total energy calculations. Phase II is ordered. As the molecules are only weakly bond via van der Waals interactions, we employed the "on-the-fly" ultrasoft pseudopotentials from the CASTEP [25] database with a cut-off energy of 610 eV, a 4 × 4 × 6 Monkhorst-Pack [26] grid so that the distances between sampling points were ≤ 0.035Å −1 , and the PBE [27] exchange-correlation functional in conjunction with the dispersion correction suggested by Tkatchenko and
Scheffler [28] . This leads to a systematic underbonding, and the lattice parameters are ≈2.5 % too large. However, as will be shown below, the computed compression behaviour is in excellent agreement with experimental data. observed. After several minutes the SF 6 dendrites formed spherical objects.
Results

Phase separation of the SF
The nucleation took place at the gasket wall and the growth velocity was
also described the shape of the SF 6 crystal of phase I as a "colorless sphere". 
Single-crystal X-ray diffraction of SF 6 between 1 and 4 GPa
The crystal structures of the phases I and II were determined using single crystal X-ray diffraction (tables 1 and A.6). The starting models for the structure refinements consisted of the known low-temperature structures described above.
As proposed by Sasaki et al. [8] , the crystal structure of phase I between 0.8(1) and 1.8(1) GPa corresponds to the low-temperature bcc phase and the crystal structure of phase II at 3. In the ordered phase II, we found that the S-F bond lengths within the octahedra had an average value of 1.549(10)Å at 3.8(1) GPa and ambient temperature (table A.7). Bond lengths reported earlier at ambient pressure and 85 K are 1.562Å and 1.563Å and the bond angles deviate by a maxi- The data points at 85 K and 115 K were determined using structural models by Dove et al. [29] and Cockcroft and Fitch [6] . The crosses represent data of DFT-optimised models of phase II. The dashed line serves as guide to the eye.
The lattice parameters and space groups of the bcc and monoclinic structures were independently confirmed at several pressures by Le Bail refinements of "powder" diffraction data (see section 4.3). figure 9 were slightly different. This is due to preferred orientation and large variations in the intensities of the reflections of the different DAC loadings which resulted in an inaccurate determination of reflection positions.
X-ray diffraction of SF
However, the slopes were very similar for both experiments. Attempts to index the patterns of phase III and phase IV were also unsuccessful because of the very broad and overlapping reflections. (table 4) . This behaviour will be discussed in section 5. 
Raman spectroscopy of SF 6 between 2 and 32 GPa
The Raman spectra of SF 6 between 2 and 32 GPa are presented in figure   11 . The pressure dependences of the peak positions and FWHM are presented in figures 12 and 13. A group-theoretical analysis of phase I results in 3
Raman-active modes (A 1g +E g +T 2g ). All of these can be observed. Phase II has 30 Raman-active modes (17A g + 13B g ). Of these 8-10 can be observed experimentally.
Our Raman spectra of phase I show the characteristic ν 1 (A 1g , symmetric stretch), ν 2 (E g , asymmetric stretch) and ν 5 (T 2g , bending) modes of SF 6 , which have been reported by Sasaki et al. [8] . The transformation from phase I to phase II took place at 1.9(2) GPa. This pressure is in excellent agreement with the phase transition pressure from Sasaki et al. [8] where of phases I and II were performed with data presented by Sasaki et al. [8] and data measured in this study. In summary, the Raman spectra clearly showed the known phase transformation from phase I to phase II and indicate two additional phase transformations to phases III and IV at around 10(1) and 19(1) GPa, respectively.
The pressures at which the discontinuities in the Raman spectra were observed coincide with pressures at which changes in the diffraction data were observed. [8] ). The largest numerical uncertainties of the FWHM from the fits were about 0.9 cm −1 and the uncertainty of the pressure is 2 % or at least 0.1 GPa. Table 5 : Raman shifts of the ν 1 , ν 2 and ν 5 modes of the SF 6 phases I and II at ambient pressure and low temperatures, slopes of the pressure dependencies of the frequencies for phases I to IV and Grüneisen parameters for phases I and II. The low-temperature data have been determined by Gilbert and Drifford [31] and Shurvell and Bernstein [32] .
Raman shift ν 0 /cm −1 dν dp /(cm
dν dp The phase diagram of SF 6 , which has been determined by Sasaki et al.
[8] and Stewart [7] at high pressures and low temperatures, extended with the results of this study is depicted in figure 14 . [7, 8] extended with the results of this study. The hatched areas denote the pressure range at which the corresponding SF 6 phases were observed in our experiments. The right side is an enlargement, showing the good agreement between values obtained earlier [7, 8] and data from the present study.
Appendix A. Crystal structure details of SF 6 
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